Depending on the application nanowires have to fulfil different requirements, e.g. regarding their length and diameter. In order to adjust and control these properties during the nanowire growth, the understanding of the growth mechanism is important. Here we discuss the growth of ZnO nanowires by pulsed laser deposition and show, that the length and diameter of the deposited nanowires does not depend linearly on the deposited ZnO particles. From this finding we deduce that the lateral and vertical growth rate is changing with the total amount of deposited ZnO particles.
Introduction
The exploitation of ZnO nanostructures such as nanowires (NWs) for devices is already demonstrated e.g. for light emitters [1] , electromechanical resonators [2] and energy harvesting [3] . Also ZnO NWs are interesting for the realization of highly integrated and/or spatially resolved devices, e.g. pressure and 3D imaging sensors [4] . The geometrical characteristics e.g. length and diameter are important for the functionality of such devices [5] . For instance, whereas thick NWs with a thickness up to few µm are preferred for applications which are based on compression, e.g. caused by an externally applied pressure, thin NWs (few nm thick) offers a large surface-tovolume ratio, making them interesting for bending sensitive applications [3, 4] . Thus, manipulation of the geometrical shape of NWs is promising for their further implementation. For this purpose an understanding of the growth kinetics is important.
Experimental setup
For the deposition of the ZnO NWs we have used pulsed laser deposition (PLD). The advantage of this method is that the obtained ZnO NWs are monocrystalline and due to the absence of any catalyst they exhibit a small density of impurities and defects [6, 7] . Growth of the NWs this way is performed in two steps. At first, a conventional PLD process was used for the deposition of an unintentionally doped ZnO seed layer on a-plane sapphire substrates with size of 10×10mm. For this deposition, an oxygen gas what has a partial pressure of 0.01mbar and a temperature of the chamber of T = 720°C were used [8] . In the second step for growth of the NWs on these seed layers we used a high-pressure PLD. Details of this technique and the chamber can be found e.g. in Ref. [9] . Here an Ar gas flow of 50sccm and with pressure of p = 150mbar is used. In contrast to the conventional PLD technique such a transport gas is needed in order to transport the ablated ZnO particles from the target towards the sample.
The optimum NWs growth on these seed layers was achieved for temperature T = 950°C. In order to study the mechanism during the NWs growth, we fabricated a series of NWs which differ in the amount of deposited ZnO material. This was achieved by varying the number of laser pulses which depends linear on the amount of the deposited ZnO material during the growth process and can be easily experimentally adjusted. For the series we vary the number of laser pulses from 3000 to 36000 while keeping the other growth condition like temperature and background pressure constant. The NWs are c-oriented, they are single crystalline and their quality is close to bulk [10] .
Results and discussion
The obtained NWs have two growth rates -vertical one and lateral one. The first one is responsible for NWs length developing, the second one -for NWs diameter. Obviously, that adjusting of the growth rates opens possibility to vary NWs geometric shape. The results of NWs growth for selected amount of ZnO deposition are shown in the Fig. 1a ,b,c. Here well-oriented vertical NWs with density of 1-2µm -2 are presented. The growth of NWs take in two main steps -forming of the nuclei pyramids (Fig.1a) and growth of NWs itself (Fig.1b,c) . The nuclei were grown on the first steps of ZnO deposition -up to 3000 pulses. When the nuclei were formed the growth of vertical NWs sets in on the top of the nuclei (over 3000 pulses). NW grown by 6000 pulses is shown in the Fig.  1b . High number of laser pulses deposition, i.e. over 12000 pulses, leads to the growth of NWs thinner than NWs grown by low number of pulses (Fig.1c) . This fact indicates priority of the vertical growth rate over lateral one. In order to exclude extremal values of aspect ratio and diameter, the median values were taken for analysis and shown in the Fig.1d ,e. These median values have the same behavior as average values as a functions of laser pulses.
As can be seen in Fig.1 the second step of NWs growth (after forming of nuclei) takes place in the several regimes. In the first regime, when the deposition is in a range of 3000-9000 pulses, thick and very short ZnO NWs are fabricated. The aspect ratio of the NWs increases with a number of pulses. Diameter is almost constant in this regime. With increasing of the number of laser pulses over 9000, the length of the NWs increases whereas their diameter decreases. If deposition of 12000 pulses was applied, the behaviour of parameters is remained, but increasing of aspect ratio and decreasing of diameter with number of pulses are smaller than in previous regime. For large number of laser pulses (over 24000 pulses) the aspect ratio starts to decrease while the diameter of NWs starts to increase. For understanding the observed non-linear behavior of NWs as a function of the number of laser pulses, the interaction of four flows of particles might be responsible. The first one is the flow of ZnO particles from the target to substrate and moving on the surface. This flow is constant and probably dominates on the first step of NWs growth. The second flow is a movement of particles upstairs along the side facets of NWs. This flow is responsible for vertical growth rate and has a priority in a range of 6000-24000 pulses. The third flow is back flow to the second one and indicates the movement of particles downstairs. This flow is significant in a range of 24000-36000 what leads to the reduction of the NWs length. The fourth flow is flow of particles which are arrived from the target directly to the facets. This flow is might be responsible for lateral growth rate.
The combination of the mentioned flows might determinate the growth regimes. Thus, forming of nuclei can take place by first flow only, i.e. moving on the surface the particles are agglomerated together to NWs nuclei. After that a combination of this flow and moving particles upstairs is started what leads to the growth of short and thick NWs. In further deposition all arrived particles are moving upstairs along the sides of NWs. Thus the particles are probably seeking to take place on the top of NW. This movement decreases NWs diameter. When the NWs stay long enough, the movement upstairs might be difficult. In this case integration of the particles in the side facets has priority over their aspiration to be on the top of NW. At this regime the NWs diameter increases what was observed for deposition over 24000 pulses.
Another possible fact of difference of the NWs growth regimes can be contained in presence of the step-like tip (Fig.2) . Such tip is created because of the aspiration of particles being on the top of NW. The tip of the wire is relatively sharp, around several tens of nm of the length, and broadened from the top to bottom. Appearance of the tip might give possibility for particles to be transferred from the side facets to the top. The mentioned above investigation of the NWs growth kinetics is important for understanding growth mechanism and kinetics of the complex case of ZnO NWs growth, e.g. growth of thin and ultrathin NWs. Such NWs are interesting for implementation in surface and bending sensitive applications. Their reduced diameter makes them promising for highly sensitive electrical field sensors. In the case of small Ga-doping of the seed layer (concentration of the dopants of 1at%) and growth temperature reduction down to 400°C a high density of ultrathin NWs is obtained and shown on the Fig.3 . The diameter of these NWs is smaller than 7nm [11] . 
Conclusions
In this work an analysis of the growth kinetics of ZnO NWs grown by pulsed laser deposition was done. The NWs growth taken place in several regimes which are might be caused by combination of different flows of ZnO particles. Such flows determinate the vertical and lateral growth rates of NWs. In dependence on the number of laser pulses the domination of the different types of flow were found. Also a step-like tip of NW might have an impact on the ZnO particles transfer uphill and support the vertical growth rate. The diameter of the NWs has non-monotonic behavior as a function of the number of pulses. Understanding the growth kinetics can be useful for understanding growth process of the complex case of NWs growth, e.g. growth of high density of ultrathin NWs. Thus, also a control of the geometric parameters of NWs is possible.
